Applicants: Paul Simmons et al . 
Serial No.: 10/030,411 
Filed: April 11, 2002 

Page 7 



REMARKS 



Claims 25-28, 31, 34, 40-45 and 47-58 were currently pending in 
the subject application. Applicants have hereinabove canceled 
claim 28 without disclaimer or prejudice to applicants' right to 
pursue the subject matter of this claim in the future. Support 
for the amendments to the claim 25 can be found the specification 
as originally filed at, inter alia, page 1, lines 3 to 5; page 5, 
lines 2 to 5; and page 6, lines 4 to 6 . Support for the 
amendments to the claim 26 can be found in the specification as 
originally filed at, inter alia, page 6, lines 26 to 32; page 10, 
line 11 to page 11, line 25; in Figs. 1-5; and in the support 
cited above for claim 25. Support for the amendments to the claim 
27 can be found in the specification as originally filed at, 
inter alia, original claim 27 and page 10, lines 18 to 26. Claims 
31 and 3 4 have been amended merely to insert a comma and to 
correct the grammar. Claim 40 has been amended to insert a comma 
and insert markush group language. Claim 41 has been amended to 
insert a comma. Support for the amendments to claim 42 can be 
found in the specification as originally filed at, inter alia, 
page 9, lines 32 to 35. Support for the amendments to claim 43 
can be found in the specification as originally filed at, inter 
alia, page 9, lines 32 to 35. Support for the amendments to claim 
42 can be found in the specification as originally filed at, 
inter alia, page 9, lines 32 to 35. Claim 44 has been amended to 
insert a comma. Support for the amendments to claim 45 can be 
found in the specification as originally filed at, inter alia, 
page 9, lines 11 to 13. Claims 47 and 48 have been amended to 
insert commas. Claims 49-51 have been amended to insert commas 
and insert the term "comprises" . Support for the amendments to 
claims 52-57 can be found in the specification as originally 
filed at, inter alia, page 6, lines 26 to 32; page 10, line 11 to 
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page 11, line 25; in Figs. 1-5; in the support cited above for 
claim 25; in Fig. 9; at page 13, lines 1 to 4 ; and at page 7, 
lines 14 to 18. Support for the amendments to claim 58 can be 
found in the specification as originally filed at, inter alia, 
page 6, line 3 6 to page 7, line 2. 

In addition, applicants have added new claims 59 and 60. Support 
for new claim 59 can be found in the specification as originally 
filed at, inter alia, page 6, lines 4 to 6 ; page 7, lines 1 to 2; 
and in Figs. 1-5. Support for new claim 60 can be found in the 
specification as originally filed at, inter alia, page 6, lines 4 
to 6; page 7, lines 1 to 2 ; and in Figs. 1-5. 

Applicants maintain that the amendments to the claims raise no 
issue of new matter and that the claims are fully supported by 
the specification. Applicants, therefore, respectfully request 
entry of these amendments. After entry of these amendments, 
claims 25-27, 31, 34, 40-45 and 47-58 as amended, and new claims 
59 and 60 will be pending and under examination. 

Claims Rejected Under 35 U.S.C. §112 (Second Paragraph) 

The Examiner rejected claims 26, 27 and 53 to 58 under 35 U.S.C. 
§112, second paragraph, as allegedly indefinite. Specifically, 
the Examiner stated that claim 26 is indefinite and ambiguous in 
the recitation of "6-19" as a surface marker specific for 
mesenchymal precursor cells. 

Applicants respectfully traverse the Examiner's rejection. 
However, in order to expedite prosecution, and without conceding 
the correctness of the Examiner's position, applicants have 
herein amended claim 26 to remove the term u 6-19". Accordingly, 
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applicants respectfully request that the Examiner reconsider and 
withdraw this ground of rejection. 

Claims Rejected Under 3 5 U. S -C. §112 (First Paragraph) 

The Examiner also rejected claim 26 under 35 U.S.C. §112, first 
paragraph, as allegedly not described in the specification in 
such a way as to reasonably convey to one skilled in the relevant 
art that the inventors, at the time the application was filed, 
had possession of the claimed invention. The Examiner alleged 
that claim 26 encompasses subject matter beyond that described in 
the specification with regard to the phrase "any combination 
thereof" . 

Applicants respectfully traverse the Examiner's rejection. 
However, applicants submit that this rejection has been overcome 
by the amendment to claim 26 set forth above deleting the phrase 
tt or any combination thereof". Applicants submit that it is clear 
to those skilled in the art that in amended claim 26 the two 
markers can be any combination of those listed in the claim. 
Nevertheless, the phrase "any combination thereof" has been 
deleted from claim 26 because it is redundant. Accordingly, 
applicants respectfully request that the Examiner reconsider and 
withdraw this ground of rejection. 
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Claims Rejected Under 35 U.S.C. 5102(b) 

The Examiner rejected claims 25-28, 31-34, 40, 41, 48, 49 and 52- 
58 under 35 U.S.C. §102 (b) , as allegedly anticipated by Simmons 
et al. (1994) ("Simmons et al.") for the same reasons set forth 
in the Office Action issued June 28, 2005 in connection with the 
above- identified application. 

In response, applicants respectfully traverse the Examiner's 
rejection. Initially, applicants note that claim 28 has been 
canceled without disclaimer or prejudice. 

With regard to the remaining claims, the Examiner asserts that an 
enriched cell population comprising at least 1%, 5%, 10% or 40% 
of cells capable of giving rise to colony forming unit -fibroblast 
(CFU-F) precursors would be inherently present in the cell 
population described in Simmons et al . Furthermore, the Examiner 
states that "the referenced cell composition was obtained by the 
same method as claimed" . 

Applicants respectfully point out that no method is claimed 
either in Simmons et al . or herein. Applicants further note that 
the method of enrichment described in the present application is 
not the same as the method described in Simmons et al . 

The Simmons et al . method involves sorting bone marrow cells by a 
single step flow cytometric process into double-positive 
subpopulations which are positive for the marker STRO-1 and a 
second marker listed in Table I in Simmons et al . (e.g. VCAM-1) . 
This single step process results in a STRO-1 positive population 
which is heterogeneous and contains a mixture of STRO-l du11 , STRO- 
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Intermediate ^ and STRO -i bri s ht cells, all of which broadly express the 
second marker (e.g. VCAM-1) . 

In contrast, the method disclosed in the application requires 
separation of bone marrow cells into subpopulat ions based on the 
marker STRO- l bright . Since this step results in depletion of both 
STRO-l du11 and STRO- intermediate cells# it enables a significant 
enrichment for STRO-l bright cells, which, in accordance with the 
present invention and as described in the subject application, 
contain all of the colony forming unit -fibroblast (CFU-F) 
mesenchymal precursors. Thus the method disclosed in this 
application is different from the methods of Simmons et al . and 
results in enrichment of CFU-F mesenchymal precursors to levels 
not inherent in, or even possible using, the Simmons et al . 
method. 

Although Simmons et al . point out that even a simple one-step 
STRO-1 sorting gives a population of cells that contains all of 
the mesenchymal precursor cells (MPC) that are present in whole, 
unf ractionated bone marrow and that give rise to all of the CFU- 
F. However, the frequency of CFU-F mesenchymal precursors in such 
a single-step STRO-1 population is approximately 0.1%. See Table 
2 in Gronthos et al, Journal of Cell Science 116, 1827-1835, 
(2003) , a copy of which is attached hereto as Exhibit 1. In other 
words only 1/1000 of STRO-1 positive cells plated will give CFU-F 
colony outgrowth. A double sorting step, as described by Simmons 
et al . , could further subclassify the total MPC population as 
expressing additional surface markers (for example VCAM-1) . 
However even these double -sorted subpopulat ions are contaminated 
by STRO-1 positive cells that are not mesenchymal precursor cells 
do not give rise to CFU-F outgrowth. Applicants note that even 
double-sorted STRO-1 positive/second marker positive (e.g. VCAM- 
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1) populations do not give a CFU-F outgrowth of more than 1-1.5% 
(i.e. only 1-1.5 cells per 100 cells of this double-sorted 
population plated will give CFU-F outgrowth) . 

The conclusion is that the majority of cells in the STRO-1 
population, even when further subdivided by additional surface 
marker expression (e.g. VCAM-1) contain contaminating STRO-1 
cells which are not MPC and therefore do not give CFU-F 
outgrowth. 

A fundamental discovery underlying the present invention is that 
all of the MPC are present within a single population which can 
be defined on the basis of STRO-l bri9ht surface expression. The 
present invention has, for the first time, identified that only 
the minor STRO- l bright subpopulat ion of cells within the total 
STRO-1 fraction (which, as shown in Figure 9 of the patent 
application, accounts for only 1-2% of the total STRO-1 positive 
cells) contains the entire population of mesenchymal precursor 
cells (MPC) that both present in whole, unf ractionated bone 
marrow and that give rise to all of the CFU-F. When separating 
subpopulat ions of the STRO-1 positive cells into STRO-l duil , STRO- 
1 intermediate^ and STRO _ fright cells# the inV entors found that only 

the STRO-l bright cells contained all of the CFU-F, while the STRO- 
l dul \ S TRO-l intermediate cells gave rise to almost no CFU-F. See 
Table 2 in Gronthos, S. et al . , Journal of Cell Science 116, 
1827-1835, (2003) ; Exhibit 1. These results explain the low CFU- 
F frequency obtained in single STRO-1 sorted or double STRO- 
1/second marker (e.g. VCAM-1) sorted populations, where STRO-l du11 
and STRO -i intermediate cells contaminate and possibly even inhibit 
CFU-F outgrowth by STRO- l bright cells. 



Accordingly, the method of the present invention is based on 
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sorting bone marrow cells into a subpopulat ion based on the 
marker STRO-l bri9ht which achieves significantly greater enrichment 
of mesenchymal precursor cells that give rise to CFU-F than that 
obtained by Simons et al . 

The finding that the STRO-l bright subpopulat ion of cells 
essentially all MPCs that give rise to CFU-F allows a substantial 
increase in enrichment of MPCs over that achieved using the 
method of Simmons et al . In particular, it allows removal of 

STRO-l du11 and STRO- intermediate contaminant cells. 



In summary, because the population of cells obtained using the 
Simmons et al . method contains STRO-l du11 and STRO- l intermediate 
contaminant cells, the percentage of cells in the resulting 
population which are capable of giving rise to CFU-F is 
significantly lower and the presently claimed population of cells 
is not inherently the same as that obtained using the method 
described in Simmons et al . 



Accordingly, in light of the arguments made hereinabove, 
applicants maintain that Simmons et al . does not teach all the 
elements of applicants' invention as now claimed, and therefore 
request that the Examiner reconsider and withdraw this ground of 
re j ect ion . 
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Claims Rejected Under 35 U.S.C. §103 (a) 

The Examiner rejected claims 25, 45 and 47 under 35 U.S.C. 
§103 (a) , as allegedly obvious over Simmons et al . (1994) 
("Simmons et al . " ) in view of U.S. Patent No. 6, 087,113 ("the 
x 113 patent") as evidenced by the disclosure of the instant 
specification at page 16, lines 20-30 for the same reasons as set 
forth in the Office Action issued June 28, 2005 in connection 
with the above- identified application. The Examiner stated that 
the claimed invention differs from the reference's teaching in 
that Simmons et al. do not explicitly teach a composition 
comprising an enriched population of cells capable of giving rise 
to CFU-F that are preadsorbed onto ceramic vehicles and are 
suitable for implantation to augment bone marrow transplantation 
as claimed in claim 47. The Examiner also stated that the % 113 
patent teaches a composition wherein the mesenchymal precursor 
cells are preadsorbed onto ceramic vehicles that are suitable for 
implantation to augment bone marrow transplantation. The Examiner 
indicated that it would have been obvious to a person of ordinary 
skill in the art at the time the invention was made to apply the 
teaching of the *113 patent to those of Simmons et al . to obtain 
the claimed composition comprising an enriched population of 
cells capable of giving rise to CFU-F, that are preadsorbed onto 
ceramic vehicles and are suitable for implantation to augment 
bone marrow transplantation. The Examiner also stated that the 
cells taught by U.S. Patent No. *113 can be substituted by the 
cells taught by Simmons et al . (emphasis added) to generate a 
composition comprising a population of cells capable of giving 
rise to CFU-F that are preadsorbed onto ceramic vehicles and are 
suitable for implantation. 
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In response, applicants respectfully traverse the Examiner's 
rejection. Applicants have pointed out hereinabove how the 
population of cells obtained through the Simmons et al . method is 
distinct from the population of cells obtained by the method of 
the present invention. Nothing in Simmons et al . or the x 113 
patent teach or suggest a method based on the use of STRO-l bri9ht 
to isolate a population of cells with the recited percentage of 
mesenchymal precursor cells that give rise to CFU-F. Accordingly, 
even if one were to follow the Examiner's suggested combination 
of references, the references combined would not teach the 
enriched population of cells wherein greater than 5% of the cells 
are mesenchymal precursor cells that are capable of giving rise 
to CFU-F as recited in claim 25, from which claims 45 and 47 
depend. Accordingly, the cited references when combined do not 
teach all the elements of applicants' invention as recited in 
claims 25, 45 and 47 as amended herein, and applicants therefore 
respectfully request that the Examiner reconsider and withdraw 
this ground of rejection. 

The Examiner also rejected claims 25, 42, 43, 45, 50 and 51 under 
35 U.S.C. §103 (a) , as allegedly obvious over Simmons et al . 
(1994) ("Simmons et al . " ) in view of U.S. Patent No. 5,591,625 
( w the '625 patent") for the same reasons as set forth in the 
Office Action issued June 28, 2005 in connection with the above- 
identified application. The Examiner stated that Simmons et al . 
teaches that MPCs that are capable of giving rise to CFU-F are an 
ideal target for gene therapy and may provide a means of treating 
disorders of the hemopoietic system. The Examiner further stated 
that the claimed invention differs from the reference's teaching 
in that Simmons et al . does not teach an enriched cell population 
wherein said cells are capable of giving rise to CFU-F or a 
composition comprising said cells wherein said cells have an 
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exogenous nucleic acid transformed into them or wherein said 
cells have an exogenous nucleic acid that expresses a therapeutic 
agent transformed into them. The Examiner further stated that the 
'625 patent teaches genetically engineered human mesenchymal stem 
and progenitor cells that have been transformed with an exogenous 
nucleic acid that expresses a therapeutic agent, and that the 
patent teaches that said cells can be used to treat various 
disorders. The Examiner indicated that it would have been obvious 
to a person of ordinary skill in the art at the time the 
invention was made to apply the teaching of the '625 patent to 
those of Simmons et al . , or the '113 patent, to obtain a claimed 
enriched cell population wherein the cells are capable of giving 
rise to CFU-F, or a composition comprising said cells having an 
exogenous nucleic acid transformed into them or and exogenous 
nucleic acid that expresses a therapeutic agent transformed into 
them. 

In response, applicants respectfully traverse the Examiner's 
rejection. Applicants note that the Examiner has stated that 
Simmons et al . do not teach "an enriched cells population wherein 
said cells are capable of giving rise to CFU-F..." . Applicants 
further note that the Examiner does not state that the '625 or 
the '113 patent in combination with Simmons et al . teach such an 
enriched cell population. Further, applicants maintain that 
neither the '625 patent nor the '113 patent in combination with 
Simmons et al . teaches such an enriched cell population since 
none of these references teach the importance of the STRO-l bright 
marker. Accordingly, at the very least, even if one were to 
follow the Examiner's suggested combination of references, the 
references combined would not teach the enriched population of 
cells wherein greater than 5% of the cells are mesenchymal 
precursor cells that are capable of giving rise to CFU-F as 
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recited in claim 25, from which each of claims 42, 43, 45, 50 and 
51 depend. Accordingly, the cited references combined do not 
teach all the elements of applicants' invention as recited in 
claims 25, 42, 43, 45, 50 and 51 as amended. 

Furthermore, the results discussed above with regard to 
addressing the 35 U.S.C. §102 (b) rejection explain the low CFU-F 
frequency obtained in single STRO-1 sorted or double STRO- 
1/second marker (e.g. VCAM-1) sorted populations, where STRO-l du11 
and sTRO-l intermediate cells contaminate and possibly even inhibit 
CFU-F outgrowth by STRO-l bri9ht cells. This was not predictable at 
that time of publication of Simmons et al . in 1994, and could not 
have been anticipated or envisioned based thereon. 

Accordingly, in light of the arguments made hereinabove, 
applicants respectfully request that the Examiner reconsider and 
withdraw this ground of rejection. 

Non-Statutory Obviousness -Type Double Patenting 

The Examiner provisionally rejected claims 25-28, 31, 34, 40, 41, 
44, 48, 49 and 52-58 under the judicially created doctrine of 
obviousness- type double patenting over claims 1-39 and 68-78 of 
copending U.S. Application Serial No. 10/813,747. 

The Examiner further stated that "applicant submits that it is 
appropriate to address this issue in copending U.S. Application 
No. 10/813,747 and file a terminal disclaimer in the x 747 
application, rather than address that rejection in the instant 
application". The Examiner also stated that given applicants' 
statements concerning the applicability of the obviousness- type 
double patenting rejection, "it appears that applicant has 
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acquiesced to the appropriateness of the double patenting 
re j ection . . . " . 

In response, it is noted that applicants actually stated in their 
response filed August 11, 2005 in connection with the above- 
identified application that * [a] pplicants respectfully submit 
that it is appropriate to address this issue in the *747 
application and, if applicable, file a terminal disclaimer in the 
'747 application, rather than address that rejection here" 
(emphasis added) . Accordingly, applicants do not concede that 
they have "acquiesced" to the appropriateness of the double 
patenting rejection. Moreover, "the filing of a terminal 
disclaimer to obviate a rejection based on nonstatutory double 
patenting is not an admission of the propriety of the rejection", 
see M.P.E.P. §804.02(11). 

Applicants further note that the rejection is a provisional 
rejection and that the claims 1-39 and 68-78 of copending U.S. 
Application Serial No. 10/813,747 have not yet been patented. 
Accordingly, if this provisional rejection is the only 
outstanding issue preventing allowance of the claims in the 
subject application, applicants request that the rejection be 
withdrawn in this application and addressed in U.S. Application 
Serial No. 10/813,747. 

If a telephone interview would be of assistance in advancing 
prosecution of the subject application, applicant's undersigned 
attorneys invite the Examiner to telephone him at the number 
provided below. 
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No fee, apart from the $395.00 fee for filing the RCE which this 
Amendment accompanies, is deemed necessary in connection with the 
filing of this Amendment. However, if any such fee is required, 
authorization is hereby given to charge the amount of any such 
fee to Deposit Account No. 03-3125. 

Respectfully submitted, 



I hereby certify that this 
correspondence is being deposited 
this date with the U.S. Postal 
Service with sufficient postage as 
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Mail Stop Amendment 
Commissioner for Patents 
P.O. BOX 1450 

ndria, VA 22313 - 1450 . . . 
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Summary 

Previous studies have provided evidence for the existence 
of adult human bone marrow stromal stem cells (BMSSCs) 
or mesenchymal stem cells. Using a combination of cell 
separation techniques, we have Isolated an almost 
homogeneous population of BMSSCs from adult human 
bone marrow. Lacking phenotyplc characteristics of 
leukocytes and mature itromal dements, BMSSCs are non- 
cycling and constitunvely express telomerase activity in 
vivo. This mesenchymal stem cell population demonstrates 
extensive proliferation and retains the capacity for 
differentiation into bone, cartilage and adipose tissue In 



vitro. In addition, clonal analysis demonstrated that 
individual BMSSC colonies exhibit a differential capacity 
to form new bone In vivo. These date are consistent with 
the existence of a second population of bone marrow stem 
cells In addition to those for the hematopoietic system. Our 
novel selection protocol provides a means to generate 
purified populations of BMSSCs for use In a range of 
different tissue engineering and gene therapy strategies. 

Key words: Bone Marrow Stroma, Mesenchymal Stem Cells, STR0- 
1 , Bone, Cartilage, Adipose, CFU-F 



Introduction 

Within the bone marrow (BM) hematopoiesis occurs in 
association with a complex stroma comprising a heterogeneous 
population of non-haemopoietic cells including fibroblasts, 
adipocytes, osteoblasts and other cellular elements of bone 
(Bianco, 1998; Lichtman, 1981; Weiss, 1976). Although the 
role played by BM stromal cells in the functional support of 
hematopoiesis has been extensively investigated (Allen ct al, 
1990; Dexter et ai., 1977), other aspects of the biology of this 
tissue remain poorly understood. In particular, precise 
knowledge of the developmental relationship between the 
various stromal elements of the BM, both during ontogeny and 
in the postnatal organism, is currently lacking. Circumstantial 
evidence for the existence of precursor cells for marrow 
stromal tissue is provided by studies of the regeneration of BM 
following ablation of the tissue by various means (Knospe et 
ai., 1972; Patt and Maloney, 1975) and by studies in rodents 
demonstrating the development of a BM organ following 
transplantation of BM to an ectopic site (Amsel and Dell, 1 971; 
Tavassoli and Crosby, 1968). 

A more direct demonstration of marrow stromal cell 
precursors was provided by the pioneering studies of 
Friedenstcin and colleagues, who demonstrated the in vitro 
growth of adherent colonies of cells morphologically 
resembling fibroblasts (CFU-F) derived from explants of BM 



(Castro-Malaspina et al., 1980; Friedenstein et al., 1970; 
Owen, 1988). A consistent feature of marrow CFU-F-derived 
colonies of virtually all species examined is their considerable 
heterogeneity in terms of sire, morphology, enzyme 
histochemistry, proliferation and developmental potential 
(Friedenstein et al., 1987; Kuznetsov et al., 1997; Owen and 
Friedenstein, 1988). These observations are consistent with the 
hypothesised existence within marrow stromal tissue of a 
hierarchy of cellular differentiation supported at its apex by a 
small compartment of self-renewing, pluri potent stromal stem 
cells, known as bone marrow stromal cells, stromal precursor 
cells, bone marrow stromal stem cells and mesenchymal stem 
cells (Owen and Friedenstein, 1988). 

The low incidence of clonogenic CFU-F in adult human BM . 
(range 1-20x1 0 s mononuclear cells plated) (Gronthos and 
Simmons, 1996) was a major limitation to their study, a 
problem compounded until recently by the paucity of specific 
antibody reagents to facilitate CFU-F isolation and enrichment. 
Monoclonal antibody STRO-1 reacts with an as yet 
unidentified cell surface antigen expressed by a minor 
subpopulation of adult human BM (Simmons and Torok-Storb, 
1991). Previous studies have shown that STRO-1 is non- 
reactive with haematopoietic progenitors, but included within 
the STRO-1* population are essentially all detectable 
clonogenic CFU-Fs (Simmons and Torok-Storb, 1991). 
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Moreover, data from this laboratory demonstrate that within 
the STRO-T fraction in adult human BM are BMSSCs with 
the capacity to transfer a functional hematopoietic 
microenvironment in vitro and for differentiation into multiple 
stromal cell types including smooth muscle cells, adipocytes, 
osteoblasts and chondrocytes (Dennis et al., 2002; Gronthos et 
al., 1994; Simmons and Torok-Storb, 1991). However, use of 
the STRO-1 antibody is not sufficient to obtain the purity of 
BMSSCs required to properly study their properties, owing to 
the presence of contaminating populations of glycophorin-A- 
positive nucleated red cells and a small subset of B- 
lymphocytes. 

Herein, we report the isolation of a highly enriched 
population of BMSSCs with clonogenic potential from adult 
human BM, on the basis of the use of STRO-1 in combination 
with an antibody directed to vascular cell adhesion molecule- 
1 (VCAM-1/CD106). In addition, we examine aspects of the 
molecular, cellular and developmental properties of this poorly 
characterized population of stromal stem cells. The isolation of 
BMSSCs is a prerequisite for the study of mechanisms that 
regulate their differentiation and is likely to be of therapeutic 
importance given the developmental potential of these cells. 

Materials and KJotfoodo 
Subjects and ceQ culture 

BM aspirates were obtained from the posterior iliac crest of normal 
adult volunteers (20-35 years old) following informed consent, 
according to procedures approved by the ethics committee of the 
Royal Adelaide Hospital, South Australia, BM mononuclear cells 
(BMMNC) were prepared as previously described (Gronthos and 
Simmons, 1995). Primary BMSSC cultures were established in o> 
MEM supplemented with 20% fetal calf serum and 100 uM L- 
ascorbate-2 -phosphate ao previously described (Oronthoo and 
Simmons, 1 995) for colony efficiency assays, RT-PCR, 
immunohistochemistry and developmental studies, BMSSC clonal 
cell lines were generated by limiting dilution from day 14 colonies 
derived from STRO-l BWG « T /VCAM-l + sorted cells as described 
below, following subculture in serum-replete medium for 
proliferation, RT-PCR, irnunohistochemistry and developmental 
studies. 



Primary antibodtea 

Monoclonal antibodies (MAbs) STRO-1 (mouse IgM) (Simmons and 
Torok-Storb, 1991) and the anti-VCAM-1 antibody 6G10 (mouse 
IgGi) (Simmons et al., 1992) were used as tissue culture supernatants 
diluted 1:2 and 1:4, respectively. I so type-matched controls of 
irrelevant specificity, 1A6.12, (IgM), 3D3 (IgGi) and 1D4.5 (IgG2a) 
(1/4; kindly provided by L. K. Ashman, Medical Science Building, 
University of Newcastle, New South Wales, Australia), a-smooth 
muscle actin (5 u,g/rnl, mouse IgG2a; Imrnunotech), affinity-purified 
rabbit antiserum to collagen type f and rabbit imrrrunoglogulin control 
(1/200; Ch em icon Internationa] Inc., Temecuta, CA). Anti-Ki-67- 
FITC or isotype-matched IgGl-FITC antibody (1/10; Dalcoparts A/S, 
Glostrup, Denmark). 

Magnetic-activated cell sorting 

Magnetic-activated cell sorting (MACS) was performed as previously 
described (Gronthos, 1998; Gronthos and Simmons. 1995). In brief, 
approximately 1-3x1 0 s BMMNCs were sequentially incubated with 
STRO-1 supernatant, anti-IgM-biotin, strep tavidin microbeads and 
finally streptavidin-FITC (Caltag Laboratories, Buriingame, CA) 



before being separated on a Mini MACS magnetic column (Miltenyi 
Biotec Inc., Auburn, CA). 

Ruorescerra-ectrvated cell sorting and limiting dilution assays 
The STRO-1* (FTTC labelled) isolated by MACS was incubated with 
purified an anti-VCAM-1 antibody 6G10 or isotype control 1B5 for 
30 minutes on ice, washed and incubated with phycoerythrin (PE> 
conjugated goat anti-mouse IgG antibody ( 1/50; Southern 
Biotechnology Associateo, Bumingham, AL) for an additional 20 
minutes on ice. Cells were sorted using a FACStar PLUS flow cytoraeter 
(Bee ton Dickinson, Sunnyvale, CA). Limiting dilution assays were 
performed with STRO- 1 awo^/VCAM- 1 + sorted cello seeded at 
plating densities of 1, 2, 3, 4, 5 and 10 cello per well (96- well plates) 
in replicates of 24 wells per plating density, using the automated cell 
deposition unit (ACDU) of the flow cytometer. The cello were cultured 
in scrum-deprived medium in the presence of PDGF-BB and EOF (10 
ng/ml) as previously described (Gronthoo and Simmona, 1995). 
Colony efficiency assays were p erform ed using Poiscon distribution 
statistics by determining the number of wells with no clonogenic 
growth at day 14 of culture following staining of the cultures with 
0.1% (w/v) tohndine blue in 1% paraformaldehyde. Aggregates of 
>50 cells were scored as CFU-Fnlerived colonies and aggregates of 
>10 and <50 cello were scored as clusters. 



Analysis of cell cycle status 

The STRO-1* cells isolated by MACS were incubated with 
streptavidin-PE (Caltag; 1:50) for IS minutes on ice. After washing 
with PBS, the cells were fixed for 10 minutes with 70% (v/v) ethanol 
on ice. Following washing, the cells were incubated with either anti- 
Ki-67-FlTC or isotype-matched IgGi-FITC antibody for 45 minutes 
on ice. The cells were then washed in PBS prior to flow cytometric 
analysis. 



Immunostafnfng 

STRO-iaaiCDrr/vcAM-l* cello isolated by FACS were prepared as 
cytospins and fixed with cold acetone. After washing, the cells were 
blocked in 5% goat serum in PBS and then incubated with primary 
antibodies and the corresponding control immunoglobulins. The 
subsequent steps of uruminopcroxidase staining were performed using 
Vectastain ABC immunoperoxidase kits for mouse and rabbit IgG, 
respectively (Vector Laboratories, Buriingame, CA) according to the 
manufacturer's instructions. 



Reverse transcriptase pcfymerase chain reaction analysis 
Total cellular RNA was prepared from 2x10° STRO-l bri c*WCAM- 
I* sorted cells collected as a bulk population and fysed using an 
RNAzolB extraction method (Bioteex Lab. Inc., Houston, TX) 
according to the manufacturer's recommendations. RNA isolated from 
each subpopulation was then used as a template for cDNA synthesis, 
prepared using a First-strand cDNA synthesis kit (Pharmacia Biotech, 
Uppsala, Sweden). The expression of various transcripts was assessed 
by PCR amplification, using a standard protocol as described 
previously (Gronthos et al., 1999). Primers sets used in this study are 
shown in Table 1. Following amplification, each reaction mixture was 
analysed by using 1.5% agarose gel electrophoresis and visualised by 
ethidium bromide staining. RNA integrity was assessed by the 
expression of GAPDH. 



Differentiation of CFU-F in vitro 

We have previously reported the conditions needed for human BM 
stromal cells to develop a mineralized bone matrix in vitro as ctMEM 
supplemented with 10% FCS, 100 uM L-ascorbate-2-phosphate, 



Tbbte 1, POT primer pairs used to this study 



Gene 



Primer sets 



GAPDH 
Cbfh-I 



Collagen type I 

Pro-Receptor 

Qsteopo ntin 

Osteocalcin 

Lipoprotein 

lipace 
PPAR72 

Lcptni 

Collagen type II 

Collagen type X 
Aggreccn 



Forward: 5'Hactgccacgttggcngtgg-3' 
Reverse: 5'-catggDgDaggctggggcto»3' 

Forward: 5'-gtggccsnggcoaga3tttOQ-3' 
Reverse: 5'^ggcnggtaggtgtggtastg-3' 

Forward: 3'- ggcccaaagaagccgtcctc-3' 
Reveres; 5'- cac^aggCQgDCOgteOflpaO* 
Forward: 5'-^gg3ctocaecBaaDtceoQatec8-3' 
Reverse: 5'-tDca©aagca(pcas^ecaccgtcg-3 
Forward: 5 , H3 SS aaco e Qtcttcctsct3ca.3' 
Reverse: 5'-tgcatgtg3atgtagtt0C3cgt-3' 
Forward: 5^ttsctrttscctcctaesca-3' 
Reverse: 5'-gtgpacacttcgfjttgctgc-3' 
Forward: 5'-mgngngixctcccnctccto-3' 
Reveres: 5'-cgtagDagc8cccatag8D-3' 
Forward: 5'^tggaga8cmagDCctgcte-3' 
Reverce: 5'-gttorjfltocagct8gDicens-3' 
Forward: 5'-ctDctatfgucc&Q&aagD»3' 

Forward: 5'-atgcattgegzicccctgtgc-3' 
5'-gccccccgg5ctfiagRtcco-3' 



Forward: 5'-atgnttcgcctcgg^ctco-3 / 

Forward: 5'-a(jcccgggttgccaggacca-3' 
Reverse: ^'- » <tfr TfTTnflgnin igft- V 
Forward: y-cnctgltoccgccccttcce-3* 



BC0296I8 

NM_C04348 

AF47798I 

NMJW0088 

X68593 

XI 3694 

X53698 

NM_C00237 

D83233 

NM.000230 

NMJJ33150 

NM_000493 
NM 013227 



dexamethasone 10~ 7 M and 3 raM inorganic phosphate (Gronthos et 
al., 1994). Mineral deposits were identified by positive von Rosso 
staining. Adipogenesio was induced in the presence of 0.5 mM 
rnethylisobutylmethybtanthine, 0.5 \xM hydrocortisone and 60 uM 
indomethacin as previously described (Gimble, 1998). Oil Red O 
staining was used to identify lipid-laden ftt cells. Chondrogenic 
differentiation was assessed in aggregate cultures treated with 10 
ng/ml TGF-03 as described previously (Pittenger et ah, 1999). 

In vivo assay of bone formation 

The adherent cells derived from STRO- 1 BwaHT /VCAM- 1 * cells at 
passage two-three were dypsinised, mixed with 40 rag 
hydroxyapatite/tri calcium phosphate ceramic particles (Zimraer 
Corporation, Warsaw, IN) and then implanted into subcutaneous 
pockets on the dorsal surface of two-month-old SCID mice as 
described previously (Gronthos et al., 2000). These procedures were 
performed in accordance with an approved animal protocol (Adelaide 
University AEC# M/079/94). Implants were recovered after 6-8 
weeks, fixed in 4% paraformaldehyde for 2 days, then decalcified for 
a further 10 days in 10% EDTA prior to embedding in paraffin. For 
histological analysis, 5 urn sections of the implants were prepared and 
stained with haematoxylin and eosin. In situ hybridization for the 
human specific atu sequence was performed as previously described 
(Gronthos et al., 2000). 

TeHom erase repeat amplification protocol 

Telomerase cell extracts prepared by the method of Kim et al. (Kim 
et al., 1994) were analysed for the presence of telomerase activity as 
previously described (Fong et al., 1997). To confirm the specificity of 
the telomerase products 2 uJ aliquots of each in CHAPS lysate was 
subjected to denaturation and resolved on a non-denaturing 12% 
polyacryalmide gel, then visualised by staining with SYBR green 
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Tbbte 2. BM CFU-F expreoo high levelo off the STRCM 
antlgeni 



Cell faction 



No. of 
CFU-F/10 5 ccllc 



CFU-F 
recovery % ti 



BMMNC 9.4±2J 100 

STRO-l^c* 8,930*415 74 

STR0.1«««^=«fca 48.0*74 3.2 

STRO-1* 18 0.0 0.0 

STRO- 1 * BMMNC were first isolated by MACS and then sorted occordinQ 
to tte level of STRO- 1 expression, using FACS. Tte different FACS-ccrted 
STRO-1 factions were then cultured under standard clonogenk conditions. 
The data repreceut the mean rmmfagr of day 14 CFU-F per I0 5 cello 
pi ntftdfrc . e . m . (i^5 different BM sompleo). 



fluorescent dye (FMC Bioproducta, OR) as recommended by the 
rnaimfecturer. The telomerase repeat amplification protocol (TRAP) 
products were analysed using a Ftuorfmager (Molecular Dynamics, 
Sunnyvale, CA). 

Transmission electron microscopy 

Approximately 2x16* STRO- 1 BaiGHT /VCAM- 1* cells were fixed in 
2.5% ghrlaxaldehyde (EM Grade) in caccdylate buffer and then 
processed for embedding into resin as previously described (Gronthos 
et aL, 1994). Ultratnin sections were using a JEOL 1200 

EX n (Tokyo, Japan) transmission electron 



Results 

Purification of stromal precursor cells (CFU-F) 
We elected to use the monoclonal antibody STRO-1 (Simmons 
and Torok-Storb, 1991) as the basis of a strategy to 
prospectively isolate clonogenic CFU-F. Immunoselection by 
MACS yielded a population with 75.3% STRO-1* cells±3.2 
(#i=20), whereas the incidence of STRO- 1 + cells in the starting 
BMMNC samples was 6.5%±0.73 (w-20). The STRO-1* 
population exhibited a heterogeneous pattern of STRO-1 
expression spanning four decades of fluorescence intensity, 
with the majority of cells exhibiting low (STRO-l DULL ) to 
intermediate (STRO-l 1 *"!) levels of STRO-1 binding in 
addition to a small but incompletely resolved subpopulation 
characterised by very high level STRO-1 (STRO-l* JR,CHT ) 
staining cells (Fig. 1A). STRO-l DULL , STRO-1 NT and STRO- 
1 BRIOriT fractions were isolated by FACS and each population 
assayed for its CFU-F content The majority J74%) of CFU- 
F were recovered in the minor STRO-l fewoW subpopulation 
and correspondingly depleted or absent from the STRO-l DULL 
and STRO-l^T fractions (Table 2). Selection of the STRO- 
j bright ftaction resulted in a 950-fold enrichment of CFU-F 
relative to their incidence in un separated BM mononuclear 
cells (BMMNC) samples prior to MACS/FACS separation 
(Table 2). 

To further increase the quantity of CFU-F, we made use of 
previous studies that examined the expression of a broad range 
of cell surface molecules on CFU-F (Simmons et al., 1994). 
VCAM-1/CD106 was one of several cell surface molecules 
that fulfilled the criteria of minimal reactivity with BMMNC 
but produced a high yield of CFU-F following FACS. In accord 
with these data, dual-color FACS analysis of MACS-isolated 
STRO-1* cells demonstrated VCAM-1 expression by a minor 
subpopulation of cells (1.4%±0.3; /r=20), which were 
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STRO-1 (FITC) cells Plated per Well 

Fig. ]. Isolation and purification of BMSSCs. (A) Flow cytometric 
analysis of MACS-sorted STRO-1 4 marrow edit demonstrated 
varying levels of STRO-1 expression. There were approximately 
three distinct populations: dull (DULL), intermediate (INT) and 
bright (BRT). (B) Dual-color flow cytometric analysis of VCAM-1 
(PE) expression by STRO- 1 * (FITC) marrow cells isolated by MACS 
depicting a discrete population of STRO- 1 BBJGHT /VCAM- 1 ♦ cells 
(region: Rl), approximately 0.02% of the total BMMNC population. 
(C) The incidence of clonogenic ceil colonies (>50 cells) + clusters 
(>1<K50 cells) based on STRO- 1 BWGHT /VC AM- 1 ♦ expression was 
determined by limiting dilution analysis of 24 replicates per cell 
concentration using Poisson distribution analysis (data derived from 
six independent experiments). 



characterized by a high level of STRO-1 expression (STRO- 
1 bright) (p ig By means of dual-colour cell sorting, 

CFU-F were found to be restricted to the small proportion of 
marrow cells co-expressing both antigens (STRO- 
l BRiGHT/y CAM- 1 + ) (data not shown). To determine the 
incidence of CFU-F in the STRO-l BWOHT /VCAM-1+ 
population, limiting dilution assays were performed. Analysis 
of the data from six different marrow samples yielded a mean 
frequency of approximately one CFU-F-derived colony (£50 
cells) per three STRO- 1 BR1GHT /VCAM- 1 + cells, whereas the 
incidence of all clonogenic CFU-F (measured as the sum of 
colonies plus clusters) was one per two STRO- 
,bright/vcaM-1 + cells plated (Fig. 1C), using Poisson 
distribution statistics. Notably, of the 50% of wells deposited 
with single STRO-l BWGHT /VCAM-l + cells that railed to 
produce clones (£10 cells), a significant proportion 
(approximately 30%) contained either single or small groups 
of stromal cells that failed to produce colonies or clusters (<10 
cells) in these assay conditions. 




Fig, 2* Characterization of BMSSCs in vivo. (A) Light microscopic 
examination of cytospins representing freshly sorted STRO- 
jbrmht/vcaM-I* mazTOW cells (1000X) counterstained with 
heamatoxylin. (B) Transmission electron micrograph depicting the 
ultrastructure of freshly sorted STRO-l BRK " n 7VOVM-l+ cells 
( 1 5000x). Imm imohisfochemical of cytosptn preparations of 

the sorted STWM flJUW /VCAM-l* cells (lOOQx) with collagen 
type I (Q and o>SMA (D). (E) Dual-color flow cytometric analysis 
of Ki67 (FITC) expression by STRO-1* (PE) marrow cells isolated 
by MACS. The majority of the STRO- l BRIOHT marrow cells lack 
detectable binding of Ki67 relative to that of the i*o type- matched 
control antibody, indicated by the vertical quad-stat marker. 

(F) Teloraerase activity in different sorted cell populations was 
examined using a modified TRAP assay. TRAP products derived 
from CHAPS extracts of non-denatured (-) and denatured (+) total 
BM (lanes I), STRO- 1 BRJCHT /VCAM- 1 + cells sorted traction (lanes 
2) and CD34*-sorted BM cells (lanes 3). TRAP products were 
resolved on a 12% potyacrylarnide gel, stained with SYBR green 
fluorescent dye, and visualised using a fluorescence scanning system. 

(G) A typical light microscopic view of a single purified STRO- 
l B * KaiT /VCAM-l* cell, allowed to adhere to fibronecrin-coated 
culture plates (400x). (H) A representative example of a day 14 
CFU-F colony stained with toluidine bhie is shown (200x). 

(I) Iramiinohistochemical staining showing all the cells that comprise 
the CFU-F colony express collagen type 1 (200x). 



Characteristics of freshly isolated CFU-F 
STRO-l BW <3HT/vCAM-l + cells sorted directly from fresh, 
marrow aspirates were large cells with heterochromatic nuclei 
and prominent nucleoli, agranular cytoplasm and numerous 
bleb-like projections of the cell membrane (Fig. 2A). 
Ultras trucrural analysis demonstrated an extensive array of 
cytoplasmic microfilaments and a complex cell surface 
morphology dominated by the bleb-like membrane protrusions 
observed by light microscopy (Fig. 2B). Weibel-Palade bodies 
characteristic of endothelial cells were not detected 
in the enriched BMSSCs population. In addition. 
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Fig. 3. Proliferation potential 
of BMSSC clones. A total of 
35 CFU-F colonies derived 
from STRO- 1 s^Of nyvCAM- 
I* single sorted cells from 
two BM samples were 
analysed for their cumulative 
production of cells. A marked 
variation in proliferative 
capacity between individual 
BMSSCs is evident The 
majority of clones (29/35, 
83%) exhibited only 
moderate growth potential, 
which did not persist beyond 
20 population doublings. 6735 
clones (17%) demonstrated 
continued growth extending 
beyond 20 population 
doublings. 




Population Doubllngo 



imtnunohistochemical staining of cytospin preparations of the 
sorted STRO-I Ba JGHT/vcAM-l + marrow cells showed strong 
staining in >90% of cells with anti-collagen type I antibody 
(Fig. 2C) but foiled to show any reactivity with antibodies to 
factor- Vin-related antigen, a marker of vascular endothelial 
cells, or to CD45, the common leukocyte antigen (data not 
shown). A notable feature, however, was the expression of o> 
smooth muscle actin (ct-SMA) in approximately 70% of 
STRO-lBWOHT/vcAM-1* cells although the intensity of 
immunostaining varied somewhat between individual cells 
(Fig. 2D). 

Dua, "S!?S P flow cvtometric analysis demonstrated that the 
STRO-lBWQHTpopufctkn Iacked detectable expression of the 
Ki-67 antigen, demonstrating that these cells do not divide in 
vivo (Fig. 2E). In addition, teloraerase activity commonly 
found in stem cell populations of other renewing tissues was 
also present in the total STRO- 1 + population isolated by MACS 
and in the minor subpopulation of STRO- 1 BRIGHT /VCAM- 1 * 
FACS-sorted cells (Fig. 2F). Following transfer of the sorted 
cells in vitro, they rapidly attached and spread assuming a 
stellate morphology with long processes (Fig. 2G) capable of 
clonal expansion forming colonies consisting of collagen type 
I positive fibroblast-like cells (Fig. 2H.I). 

An essential feature of stem cell populations in all renewing 
tissues is a capacity for extensive proliferation. Initial studies 
to examine the proliferative potential of BMSSCs were 
performed in which STRO- 1 8RIGHT /VC AM- 1 + cells were 
cultured in bulk and then serially passaged over the course of 
a number of weeks in culture. This analysis reproducibry 
demonstrated a cumulative expansion in the number of 
adherent stromal cells for over 40 population doublings prior 
to the onset of cellular senescence (data not shown). Since 
these data reflect the proliferative activity of a mixed 
population of BMSSCs, we chose to conduct a more rigorous 
^SSVJ? 1 * 011 of me grow* potential of individual STRO- 
^WGHT/vcAJvi-r BMSSCs obtained by means of the single 
cell deposition unit of the cell sorter. A total of 35 CFU-F 
colonies derived from two BM samples were expanded in 




Fig. 4. Gene expression profile 
of BMSSCo in vivo and 
following differentiation in 
vitro. RT-PCR analysis of sens 
exjjression in STRO- 1 BmG * fr 7v"CAM- 1 '-purified BMSSCS isolated 
directly from marrow aspirateo (IX and when cultured in regular 
growth medium (2) or medium inductive for either for bone, fat or 
cartilage development (3) as described in Materials and Methods. 
The expression of o range of markers characteristic of each tissue is 
shown. Bone: transcription factors CBFA1 and osterix (OSX), 
collagen type I (COL- IX ooteopontin (OFN), osteocalcin (OCN) and 
paramyroid hormone receptor (PTH-R). Fat lipoprotein lipase 
(LPL), transcription factor FPARy2 and leptin. Cartilage: collagen 
type II (COL-U), collagen type X (COL-X) and aggrecan (AGON). 
Reaction mixes were subjected to electrophoresia on a 1.5% agarose 
gel and visualised by etmdnim bromide staining. RNA integrity was 
assessed by GAPDH expression. 



culture, as above, and analysed for their cumulative production 
of cells over a number of weeks in culture. There was marked 
variation in proliferative capacity between individual CFU-F 
(Fig. 3). The majority of clones (29/35; 83%) exhibited only 
moderate growth potential that did not persist beyond 20 
population doublings. In contrast, a minor proportion of clones 
(6/35, 1 7%) demonstrated continued growth, extending beyond 
20 population doublings, generating a mean of 3.0x10 s cells 
per BMSSCs (range, 9.8X10 6 - 5.2x10 s cells). At this time, 
cells derived from highly proliferative clones (>20 population 
doublings) were analyzed for their expression of STRO-1 and 
VCAM-1 by flow cytometry. Although VCAM-1 expression 
was retained by the progeny of the initiating cells, the STRO- 
1 epitope was expressed by only a minor subpopulation in all 
clones analysed (range 3.2-15.8%; median 5.3%; «=6). 

Gene expression profile of CFU-F in vivo and following 
proliferation and differentiation in vitro 
We first surveyed the pattern of gene expression in freshly 
isolated S TTUM BWQHT /VCAM-1 + BMMNC by means of RT- 
PCR. There was no detectable expression of mature bone 
markers such as osteopontin, parathyroid hormone-receptor 
nor osteocalcin. Importantly, this population also lacked the 
expression of the essential early bone-cell-specific 
transcription factors CBFA1 and osterix (Fig. 4). A similar 
analysis of mRNA transcripts with restricted expression in 
adipose cells revealed constitutive expression of only 
lipoprotein lipase but not other adipocyte-related 
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including, leptin and the early adipocytic transcription factor, 
PPARy2 (Fig. 4). Finally, expression analysis of genes 
restricted to the chondrocyte lineage demonstrated neither 
collagen type II nor aggrecan expression although collagen 
type X, a marker associated with hypertrophic chondrocytes, 
was consistently detected (Fig. 4). 

Next, bulk cultures initiated with STRO- 1 BRIOHT /VCAM- 1 + 
cells were expanded by passaging two to three times, at which 
point aliquots of cells were plated in conditions previously 
described to induce osteogenic (Gronthos eft a!., 1994), 
adipogenic (Gimble, 1998) and chondrogenic (Pittenger et al., 
1999) differentiation of BMSSCs in vitro. Expression of 
CBFA-1, osterix and osteopontin were detected by RT-PCR in 
both induced and non-induced control cultures (Fig. 4), 
whereas osteocalcin and PTH-R transcripts were detected 
within 4-5 weeks of growth in osteo induction media. 
Following 2-3 weeks of adipogenic induction, transcripts were 
detected for the fat-associated markers, PPAR72 and leptin 
(Fig. 4). Similarly, in aggregate cultures, prolonged exposure 
to TGF03 induced the mRNA expression of the cartilage- 
associated matrix components collagen type II and aeffrecan 
by RT-PCR (Fig. 4). * 

Developmental potential of BMSSC clones In vitro and in 
vivo 

Comparison of the in vitro developmental potential of 64 
highly proliferative BMSSC clones (20 population doublings), 
derived from single STRO- 1 BWGHT /VCAM- 1 + cells (/f=3 
marrow samples), demonstrated the formation of von Kossa 
positive mineralized deposits by all clones in vitro after several 
weeks under osteogenic-induction conditions (Fig. 5A). 
Similarly, 95% of the same BMSSC clones formed clusters of 
Oil red O-posrave lipid-laden adipocytes when cultured in 
adipogenic inductive media (Fig. 5B). A sample of 20 high 
proliferative clones were assayed for their chondrogenic 
potential using the well established aggregate culture system 
(Pittenger et al., 1999) in the presence of TGF03. Again, all 
clones exhibited synthesis of collagen type II by 
immunohistochemistry (Fig. 5C). However, with continuous 
subculture (greater than 25 population doublings) the BMSSCs 
clones showed either a reduced capacity or an inability to 
differentiate into all three stromal cell lineages (data not 
shown). 

The capacity to develop a mineralised matrix in vitro, 
although consistent with osteogenic dirTerentiation, may 
nevertheless not predict the capacity of the cells to produce an 
organised bone tissue in vivo. In view of this concern, all 64 
highly proliferative BMSSC clones were assayed for then- 
capacity to develop human bone tissue following ectopic 
transplantation in SOD mice, using hydroxyapatite/tricalcium 
phosphate (HA/TCP) particles as a carrier vehicle (Gronthos 
etal., 2000; Kuznetsov etal., 1997). Histological examination 
at week 8 showed that all of the implants contained an 
extensive network of blood vessels and fibrous tissue (Fig. 6A). 
Bone formation was evident in 35/64 clones (54%), whereas 
associated haematopoietic marrow/adipose elements were 
observed in 11/35 of the bone-producing clones (31%). 
Cartilage development, as assessed by immunohistochemical 
staining with an antibody to collagen type n, was not detected 
in any implant The origin of the cellular material within the 



FSg. S. Developmental potential 
of BMSSCs in vitro. Primary 
cultureo of cello dsrived from 
STRO-l BWOHT /VCAM-r 
marrow cells were induced under 
osteogenic, adipocytic or 
chondrocyte conditions. 
(A) Mineralized deposits stained 
positively with the von Kossa 
reagent (arrow) formed within 4 
weeks of culture under 
osteoinductive condidona 
(200x). (B) The pretence of 
clusters of lipid containing 
adipocytes were also detected by 
Oil red-O staining (arrow) within 
2 weeks of adipogenic induction 
(2O0x). (C) In aggregate 
cultures, collagen type II wao 
present throughout the cellular 
mass following 3 weeks of 
chondrogenic induction (arrow) 
(200x). 




recovered implants was assessed by in situ hybridization using 
a probe to the unique human repetitive alu. The interstitial 
tissue, bone lining cells and osteocytes within the newly 
formed bone were found to positive for the aht sequence, 
confirming their human origin (Fig. 6B). Conversely, neither 
the endotheli urn-lining small blood vessels, haematopoietic 
cells nor the adipose and muscle tissue surrounding the 
HA/TCP carrier demonstrated hybridization with the aht probe 
and were therefore presumed to be of murine origin. 

Discussion 

A large body of evidence demonstrates that stromal tissue 
derived from adult BM of avian and mammalian species 
contains clonogenic progenitor cells (CFU-F), some of which 
are considered to be muluVpotent BMSSCs with the capacity 
to differentiate into a range of mesenchymal cell lineages 
including adipose tissue, bone, cartilage, tendon and ligament 
(Bruder et al. p 1994; Prockop, 1997). Despite considerable 
interest in the potential therapeutic applications of these cells, 
there is no well-defined protocol for the prospective isolation 
of human CFU-F in order to properly study their biological 
properties prior to cell culture. Current methodologies for the 
isolation of primitive BMSSCs are based upon those initially 
described by Friedenstein and colleagues, which rely upon 
the rapid adhesion of the stromal progenitor populations to 
tissue culture plastic and their subsequent rapid proliferation 
in vitro (Castro-Malaspina et al., 1980; Friedenstein et al., 
1970; Kuznetsov et al., 1997; Pittenger et al., 1999). Such 
protocols result in a heterogeneous starting population of 
adherent BM cells, of which only a minor proportion 
represent multipotent BMSSCs. Moreover these protocols 




Fig. 6. Developmental potential of BMSSCa clones in vivo. 
Immunoselected STRO- 1 ^^/VCAM-l* maiiow-derived clones 
were expanded in vitro, then implanted subcutaneous ly into SCTD 
mice using HA/TCP carrier. Implants were harvested 8 weeks after 
the transplant (A) New bone formation containing osteocytes 
(arrow) was observed for a proportion of clones developing st the 
HA/TCP particle surfaces together with surrounding fibrous and 
hematopoietic tissue (BM). The sections were counter stained with 
haematoxylin and eosin (200x). (B) The osteocyteo and bone lining 
cells (arrow) were found to be of human origin, as demonstrated by 
in situ hybridization using a UNA probe specific to the human alu 
repeat sequence (200k). 



select for the progeny of CFU-F and not for the clonogenic 
progenitors themselves. 

In this report, we describe the isolation of a minor 
subpopulation of adult human BMMNC mat represent a near 
homogeneous population of CFU-F. This was achieved using 
the CFU-F reactive antibody STRO-1 (Simmons and Torok- 
Storb, 1991) in combination with an antibody to VCAM-1, a 
cell adhesion molecule constitutive ly expressed by marrow 
stromal tissue in vitro and in vivo (Simmons et al., 1992) and 
also by CFU-F (Simmons et al., 1994). This approach enabled 
the resolution of a discrete subpopulation of STRO- 
j BRJGHT/Y CAM- 1 + marrow cells with a cloning efficiency for 
CFU-F approaching 50% using Poisson distribution statistics. 
This degree of enrichment for CFU-F in the STRO- 
l BWOHT /VCAM-r cell fraction (approximately 5,000-fold 
relative to un fractionated BM) substantially exceeds that 
previously reported for any mammalian species including mice 
and humans (Castro-Malaspina et al., 19$0; Simmons and 
Torok-Storb, 1991; Van Vlasselaer et al., 1994; Waller et al., 
1995). A significant factor contributing to the success of this 
enrichment strategy is the use of our previously defined serum- 
deprived culture conditions for the assay of CFU-F, in which 
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colony growth at low plating densities is stimulated by the 
addition of a combination of EGF and PDGF-BB (Grontfaos 
and Simmons, 1995). CFU-F are generally assayed in medium 
supplemented with FCS as a growth stimulus. Although this is 
adequate for CFU-F growth from un fractionated bone marrow 
at high plating densities, when more enriched cell populations 
are assayed in FCS-containing medium, growth of CFU-F 
becomes suboptimal, particularly at limiting cell 
concentrationo (Gronthos and Simmons, 1995). Indeed, in the 
current study, STRO- 1 B1UGHT /VC AM- 1 * CFU-F railed to grow 
in foetal bovine serum supplemented medium at plating 
densities <10 cells per well (data not shown), whereas in the 
serum-deprived assay, a significant proportion of cells 
exhibited clonogenic growth even when plated at 1 cell per 
well. It is important to note, however, that even under these 
highly efficient culture conditions a significant proportion of 
single STRO-l^HWCAM-r cells, although failing to 
proliferate sufficiently to qualify as either clusters or colonies, 
nevertheless contained stromal cells that either remained as 
single cells or underwent one or two divisions only. The nature 
of the STRO- 1 BRJGHT /VC AM- 1 + stromal cells that tail to either 
proliferate or do so only poorly remains to be determined. One 
possibility is that expression of the antigen identified by STRO- 
1 may encompass not only stromal progenitors but also 
partially differentiated stromal cells with correspondingly 
reduced growth potential in vitro. Alternatively, these cells may 
represent a subpopulation of stromal progenitors that rail to 
proliferate in these assay conditions. Nevertheless, the STRO- 
XBWGHT/vcAM-1* BMMNC represent a virtually pure 
population of collagen type I positive, stromal progenitor cells 
with varying clonogenic efficiencies. 

As a population, STRO- 1 BRJGHT VC AM- 1 ♦ cells have 
several important phenotypic characteristics previously 
attributed to stem cells in other renewing tissues (Fuchs and 
Segre, 2000). Firstly, freshly isolated BMNC-derived STRO- 
I bright cejfc expression of the Ki-67 antigen and thus 

appear to be a non-cycling population in vivo. This is in accord 
with previous studies demonstrating the quiescent nature of 
CFU-F in unfractionated rodent and human BM (Castro- 
Malftspina et al., 1981; Falla et al., 1993). Secondly, STRO- 
IBRIGHTvcaM-1 + cells and their progeny constitutively 
exhibit telomerase activity, a well documented feature of stem 
cell populations in renewing tissues that is lost during normal 
somatic cell proliferation and differentiation (Fuchs and Segre, 
2000; Harle-Bachor and Boukamp, 1996). Recent studies have 
shown that human BMSSCs lose telomerase activity during ex 
vivo expansion, whereas enforced telomerase activity greatly 
e n han c ed the proliferative life-span and osteogenic potential of 
cultured BMSSCs (Shi et al., 2002; Simonsen et al., 2002). 
Thirdly, freshly sorted STRO-l BWGH T*vCAM-l + cells exhibit 
an undifferentiated phenotype as demonstrated by the absence 
of gene products characteristic of endothelial cells and mature 
stromal elements such as osteogenic celts, adipocytes and 
chondrocytes within the BM. Most significantly in this regard, 
this population lacked detectable expression of transcription 
factors with pivotal roles in the early differentiation of bone 
(CBFA-l, osterix) and adipose (PPAR72) tissues and the 
signature marker of chondrocytes, collagen type II (Ducy et al., 
1997; Nakashima et al., 2002; Tontonoz et al., 1994). 

A notable feature of the BM CFU-F population is the 
considerable heterogeneity in their potential for differentiation 
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and proliferation. !n accord with the putative stromal stem cell 
hierarchy of cellular differentiation, we found that only a 
proportion of the STRO- 1 BRJ0HT /VCAM- 1 ♦ cell population 
was capable both of extensive proliferation in vitro beyond 20 
population doublings and of differentiation into at least five of 
the cellular components of BM stromal tissue, namely 
myelosupportive stroma, smooth muscle cells, osteoblasts, 
adipocytes and chondroblasts. Similar observations were 
previously reported (Pittenger et al., 1999) for a population of 
plastic adherent fibroblast-] ike cells comprising 0.01-0.001% 
of nucleated cells in human BM. 

We have previously demonstrated that all CFU-F clones 
derived from STRO-1+ human marrow demonstrated the 
capacity to synthesise a mineralized bone matrix in vitro, 
whereas only 48% of clones showed the capacity to form 
adipocytes in vitro (Gronthos et al., 1994). In the present study, 
highly proliferative clones, derived from single STRO 
1B1UGHTVCAM-1+ Cells » exhibited osteogenic, chondrogenic 
and adipogenic cell differentiation in vitro. However, when 
assayed in SCID mice for their capacity to generate human 
bone tissue following xenogeneic transplantation (Gronthos et 
al., 2000; Kuznetsov et al., 1997) only a little over half of the 
clones exhibited the potential to form bone in vivo. Thus the 
in vitro culture assay, despite evidence of many of the 
phenotypic characteristics of differentiated bone cells 
including expression of the master control gene CBFA1, does 
not accurately predict the osteogenic potential of BMSSCs 
clones in vivo, in accord with studies on murine BM stromal 
cell lines (Satomura et al., 2000). Use of the more stringent in 
vivo assay demonstrated that osteogenic differentiation is only 
exhibited by a subpopulation of clones and is consistent with 
the findings of Kusnetsov and colleagues (Kuznetsov et al., 
1997). 

In the present study, the data indicate that CFU-F in adult 
human BM represent a mixed population of muiti-, bi- and uni- 
potential progenitors at different stages of differentiation, as 
initially proposed by Owen and Friedenstein (Owen and 
Friedenstein, 1988) and subsequently supported by others 
(Kuznetsov et al., 1997; Pittenger et al., 1999). Future studies 
designed to subset die STRO- 1 BRJGHT VCAM- 1 + population 
may in time reveal a minor population with properties attributed 
to pluripotent stem cells. Efforts to identify BMSSCs in vivo 
have been hampered by the lack of precise knowledge regarding 
their anatomical distribution within the marrow. It has been 
suggested that that osteoprogenitors may be associated with the 
outer surfaces of the marrow vasculature (Bianco et al., 2001). 
In the present study, STRO-l BWGHT VCAM-l + cells proved to 
be a homogeneous population of large collagen type I positive 
cells lacking phenotypic characteristics of leukocytes or 
vascular endothelial cells. Of particular note is the expression 
of oc-SM A by this population. In adult human BM in vivo, cc- 
SMA is limited to vascular smooth muscle cells in the media 
of arteries, cells lining the abluminal surface of sinuses, 
pericytes lining capillaries and occasional flattened cells on the 
endosteal surface of bone. Expression of ot-SMA is not detected 
in other marrow stromal elements such as reticular cells within 
haemopoietic cords, adipocytes or vascular endothelial cells 
(Galmiche et al., 1993). Collectively these observations suggest 
two possibilities for the identity and anatomical location of 
stromal progenitors in the BM: vascular smooth muscle 
cells/pericytes and endosteal cells. Furthermore, accumulating 



data suggest that vascular pericytes may also fulfil the role of 
multipotential mesenchymal progenitors (Doherty et al., 1998; 
Schoret al., 1995). 

The biological properties of the BMSSCs described herein 
should be viewed in the context of recent reports that 
demonstrate that the inherent developmental potential of stem 
cells derived from various mammalian tissues may be more 
similar than previously suspected ( Azizi et al., 1 998; Bjornson 
et al., 1999; Gussoni et aL, 1999). This suggests that the 
developmental plasticity of stem cells is dictated by the local 
tissue microenvironment in which they lodge, and it would 
therefore be of great interest to examine whether the population 
of candidate stem cells described herein can regenerate tissues 
other than the marrow stroma and associated skeletal tissues 
(Prockop, 1997). It is conceivable therefore that the properties 
exhibited by the STRO- 1 BRrQHT VC AM- 1 + population may, in 
time, be useful for a range of novel cellular therapies that 
extends beyond their more obvious use in the treatment of 
disorders of the haemopoietic and skeletal systems. 
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